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ABSTRACT
Advances in high-resolution imaging have revealed Hα emission separated from the host star. It
is generally believed that the emission is associated with forming planets in protoplanetary disks.
However, the nature of this emission is still not fully understood. Here we report a modeling effort
of Hα emission from the planets around the young star PDS 70. Using standard magnetospheric
accretion models previously applied to accreting young stars, we find that the observed line fluxes can
be reproduced using a range of parameters relevant to PDS 70b and c, with the mean mass accretion
rate of log(M˙) = −8.0±0.6 MJup yr−1 and −8.1±0.6 MJup yr−1 for PDS 70b and PDS 70c, respectively.
Our results suggest that Hα emission from young planets can originate in the magnetospheric accretion
of mass from the circumplanetary disk. We find that empirical relationships between mass accretion
rate and Hα line properties frequently used in T Tauri stars are not applicable in the planetary
mass regime. In particular, the correlations between line flux and mass accretion rate underpredict
the accretion rate by about an order of magnitude, and the width at the 10% height of the line is
insensitive to the accretion rate at M˙ < 10−8 MJup yr−1.
Keywords: Accretion, Exoplanet formation, H I line emission, Protoplanetary disks, T Tauri stars
1. INTRODUCTION
One of the thrilling new frontiers in exoplanet re-
search is the unraveling of the earliest stages of planet
formation. The advances of high-contrast, high-spatial-
resolution technology have produced direct and indirect
evidence of planets forming in circumstellar disks since
very early ages. The regions cleared of small dust in
the transitional disks (c.f. Espaillat et al. 2014) were
the first structures identified in protoplanetary disks,
and they were attributed to the interaction of forming
planets with the disk. Submillimeter interferometry has
now shown that structures are present in probably most
disks, and in particular, ringed structures are ubiquitous
in disks around stars of all spectral types (Andrews et al.
2018). Again, these structures are thought to be due to
planets forming in disks (e.g., Bae et al. 2017; Zhu et al.
2011), although alternative hypotheses such as dust ac-
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cumulation in condensation fronts of different molecular
species (Zhang et al. 2015) have also been discussed.
The best evidence of young planets comes from direct
imaging, and so far detections have been claimed for
a handful of systems with different degrees of reliabil-
ity. For example, features in Hα image around LkCa 15
are thought to be from planets (Kraus & Ireland 2012;
Sallum et al. 2015), but later studies have shown that
such features could come from the circumstellar disk
(Mendigut´ıa et al. 2018; Currie et al. 2019). Reggiani
et al. (2018) reported a detection of a planet candidate
interior of the spiral arm of the disk around MWC 758;
however, Wagner et al. (2019) could not confirm this de-
tection and instead found another candidate exterior of
the spiral arm. Other claims of planets around young
stars include HD 100546 (Quanz et al. 2013a, 2015; Brit-
tain et al. 2014; Currie et al. 2015; Follette et al. 2017),
HD 169142 (Quanz et al. 2013b; Biller et al. 2014; Reg-
giani et al. 2014), HD 163296 (Pinte et al. 2018; Teague
et al. 2018).
Robust planet detections have been reported around
the star PDS 70, a K7 star in the ∼ 5-10 Myr old Upper
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Sco association. PDS 70 is surrounded by a disk with an
∼ 80 au cavity (Riaud et al. 2006; Hashimoto et al. 2012,
2015; Keppler et al. 2018); it is also a pre-transitional
disk (Espaillat et al. 2007), that is, a disk with a large
cavity but with another optically thick disk in the in-
nermost au from the star. This configuration was first
identified by SED fitting (Hashimoto et al. 2012; Dong
et al. 2012), and later confirmed by observations in the
NIR with SPHERE (Keppler et al. 2018) and in the sub-
millimeter with ALMA (Long et al. 2018; Keppler et al.
2019). Keppler et al. (2018) reported the discovery of
a companion at ∼ 22 au from the star in the gap be-
tween these two disks, confirmed by the 4-σ detection
of Hα emission at the location of the companion using
MagAO narrow filters (Wagner et al. 2018). The com-
panion, PDS 70b, has a mass between 5 and 14 Jupiter
masses, as indicated by a comparison of magnitudes and
colors with different model predictions. However, hydro-
dynamic simulations including PDS 70b on a circular
orbit failed to reproduce the large width of the cavity,
and an additional companion beyond the orbit of PDS
70b was suggested (Keppler et al. 2019). Indeed, using
adaptive-optics-assisted integral-field spectroscopy with
VLT/MUSE, Haffert et al. (2019) detected Hα emission
from PDS 70b and reported additional Hα emission from
a second planet, PDS 70c.
High angular resolution observations by ALMA re-
vealed the presence of 855µm dust emission from a cir-
cumplanetary disk (CPD) at the position of PDS 70c,
with an estimate of dust mass between 2−4.2×10−3 M⊕
(Isella et al. 2019). CPD detection around PDS 70b is
still unclear since ALMA observation (Isella et al. 2019)
shows a slight offset between the position of the planet
and that of the 855µm emission. Nevertheless, an es-
timated dust mass of 1.8 − 3.2 × 10−3 M⊕ could be at-
tributed to CPD of PDS 70b if it is present.
Mass accretion rates have been estimated for both
PDS 70b and c. Wagner et al. (2018) detection of Hα
emission at the location of PDS 70b led them to con-
clude that the planet is actively accreting mass from its
disk. They used the Hα flux to estimate a mass accre-
tion rate onto the planet of M˙∼ 10−8MJup yr−1, which is
consistent with the upper limit estimated by Christiaens
et al. (2019) from the lack of detection in Brγ. Haffert
et al. (2019) also inferred values of the mass accretion
rate, but they used the width at the 10% height (W10)
of the Hα line estimates for PDS 70b and c, applying the
correlation from Natta et al. (2004). The mass accretion
rates for PDS 70b determined by Haffert et al. (2019) is
similar to that by Wagner et al. (2018), even though the
Hα flux is an order of magnitude lower. This is due to
uncertainties in the diagnostics used to estimate mass
accretion rates.
The correlations used to estimate mass accretion rates
from emission line properties are determined from line
luminosities and accretion luminosities calculated for T
Tauri stars (e.g., Natta et al. 2004; Rigliaco et al. 2012;
Ingleby et al. 2013). Since accretion in that type of stars
occurs through a magnetosphere, the assumption that
the T Tauri star Lline vs. Lacc calibrations are valid
for planets would imply that mass is loaded from the
CPD onto the planet through magnetospheric accretion
as well. However, this has not yet been proven.
The relationship between Hα line luminosity and ac-
cretion properties have also been explored to some ex-
tent in other types of models. It has been suggested
that Hα emission arises in regions of the order of a few
hundred planet radii heated to 8000− 10000 K by the
shock on the CPD surface due to infalling gas from the
circumstellar disk (Szula´gyi & Mordasini 2017). Using
1D radiative transfer model, Aoyama et al. (2018) calcu-
lated the properties of the CPD shock and predicted the
Hα fluxes for different densities and planetary masses for
an application to the suggested planet around LkCa 15.
Nevertheless, given the low surface density of the cir-
cumstellar disk around PDS 70 at the locations of both
planets (∼ 10−2g cm−2; Keppler et al. 2019), the model
of Aoyama et al. (2018) would imply a weak Hα emis-
sion, more than an order of magnitude lower than ob-
served in PDS 70b and c.
In this paper, we explore the possibility that the Hα
flux associated with the young planets in PDS 70 system
arises in magnetospheric flows akin to those present in
young stars surrounded by accretion disks. According to
the magnetospheric model for accretion, the stellar mag-
netic field truncates the disk and matter falls towards
the star at nearly free-fall velocities, merging with the
photosphere through a shock at the stellar surface (Hart-
mann et al. 2016). For typical magnetic field strengths
and mass accretion rates, the truncation radius is of the
order of a few stellar radii. The line profiles and strength
of the emission lines seen in the optical and near-IR spec-
tra of young, low mass stars, i.e., T Tauri stars, can be
explained by formation on the magnetospheric accretion
flows (Muzerolle et al. 1998, 2001; Thanathibodee et al.
2019). For this model to be valid for planets, a plane-
tary magnetic field with sufficient strength to truncate
the disk at several planetary radii is needed, as well as
densities and temperatures in the magnetospheric flows
capable of producing an Hα line comparable with obser-
vations.
The core accretion mechanism postulates three main
phases in the formation process of giant planets: accu-
mulation of planetesimals and/or pebbles into a core,
slow gas accretion in an envelope, and runaway growth
of the gas envelope, when the mass of the envelope
reaches the mass of the core (Pollack et al. 1996). At or
near the last stages of the runaway phase, mass is trans-
ferred from the circumstellar disk to the CPD and from
it to the planet (Papaloizou & Nelson 2005; Ginzburg &
Chiang 2019). Detailed Hydrodynamic (HD) and Mag-
netohydrodynamic (MHD) numerical simulations of the
flows inside the Hill radius show that mass flows onto
the CPD from high latitudes, almost vertically, and
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that some material on the CPD midplane actually flows
back into the circumstellar disk, away from the system
(Machida et al. 2008; Tanigawa et al. 2012; Gressel et al.
2013; Szula´gyi et al. 2016, 2019). The mass flows are
not axially symmetric and are mostly directed toward
the planet only well inside a few percents of the Hill
radius, as the high-resolution simulations of Tanigawa
et al. (2012) show. For parameters corresponding to
Jupiter, the Hill radius is RH ∼ 0.34 au ∼ 730 Jupiter
radii. Since these simulations mainly focus on the disks,
their resolutions do not reach regions much closer to the
planet, and they do not show how mass actually trans-
fers onto the planetary core.
The region of interaction between a planet and its
CPD has been explored by Batygin (2018). This author
proposes that the interior of the forming planet becomes
convective because of its high luminosity, and a magnetic
field of the order of 0.5 - 1 kG is generated as a result.
This field truncates the disk at a few, 4 - 5, planet radii,
and matter accretes onto the planet following the field
lines. As noted by Batygin (2018), this picture is simi-
lar to that of a magnetosphere around young stars, with
the difference that in the latter, the mass comes from
the circumstellar disk. In the case of planets, matter
coming from the circumstellar disks and falling verti-
cally onto the CPD is deflected towards the planet as it
reaches the field line that has truncated the CPD. The
rest of the infalling matter falls onto the CPD and is
eventually expelled back towards the circumstellar disk
(Batygin 2018).
In this paper, we use planetary parameters inferred
from observations of PDS 70b and c and calculate the
Hα fluxes and line profiles for a range of suitable mass
accretion rates and temperatures. In § 2, we describe
the magnetospheric model and in § 3, the results of our
exploration. Finally, we give a brief discussion and con-
clusions in § 4.
2. MAGNETOSPHERIC ACCRETION MODEL
2.1. Model Description
To calculate the Hα line flux formed in a magneto-
sphere around a planet, we use the magnetospheric ac-
cretion model (Muzerolle et al. 2001) initially developed
for T Tauri stars. The detailed description of the model
can be found in Hartmann et al. (1994); Muzerolle et al.
(1998, 2001). Here we describe the main assumptions
and parameters.
This model assumes an axisymmetric accretion flow
arising from a co-rotating Keplerian gas disk on the same
plane as the planet’s equator. The material flows in the
magnetic dipole geometry characterized by the trunca-
tion radius (Ri) and the width at the based of the flow
(Wr). The density at a given point in the flow follows
a steady flow prescription, parameterized by the total
mass accretion rate M˙. At each point in the flow, the
temperature scales with the density; the maximum tem-
perature Tmax, a free parameter, describes each model.
Table 1. Range of Model Parameters
Parameters Min. Max. Step
log(M˙/MJup yr
−1) -11 -5 1
Tmax (K) 8000 11000 200
Ri (Rp) 2 8 2
Wr (Rp) 1, 2, 4, 6
cos(i) 0.3 0.9 0.2
The model uses a 16-level hydrogen atom and the mean
intensities of each transition and level populations are
calculated by adopting the extended Sobolev approxi-
mation. The line specific intensity is calculated using a
ray-by-ray method for a given inclination angle (i) be-
tween the line of sight and the planet rotation/magnetic
axis. The line flux density is calculated by spatially inte-
grating the intensity. The final, continuum-subtracted
line flux is calculated over the range of ±500 km s−1
since the relevant range of velocities would be on the
order of the planets’ escape velocity ∼ 130 km s−1 for
the planets’ parameters.
2.2. Grids of Models
Calculating a grid of model for the magnetospheric
parameters requires the mass, radius, and effective tem-
perature of the accreting object. These parameters
are poorly constrained for PDS 70 planets, especially
the recently discovered PDS 70c (Haffert et al. 2019).
For PDS 70b, the estimated mass range is as wide as
2− 17 MJup (Mu¨ller et al. 2018), while the radius could
be as small as ∼ 1.3 RJup, with an effective tempera-
ture of ∼ 1200 K (Keppler et al. 2018). A similarly wide
mass range, but slightly lower masses, has been given
for PDS 70c (Haffert et al. 2019), although no estimate
of the radius is available. The effective temperature
of PDS 70c is currently unconstrained, but there is a
possibility that it is lower than that of PDS 70b since
it has a redder spectrum (Haffert et al. 2019). Given
the uncertainty in the planet parameters, we adopt
a set of parameters that is reasonable for both plan-
ets for our exploration of the magnetospheric model.
Therefore, we adopted a planet mass of Mp = 6 MJup,
a radius Rp = 1.3 RJup, and an effective temperature
Teff = 1200 K. These values are also applicable to young
Jupiter-mass planets in general.
We calculated a large grid of models with parameters
covering the ranges shown in Table 1. In particular, the
geometry of the magnetosphere covers the values pre-
dicted by Batygin (2018), and the mass accretion rate
spans 6 orders of magnitude covering the values calcu-
lated for PDS 70b and c (Haffert et al. 2019; Wagner
et al. 2018). The temperature in the flow Tmax covers
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the range found to be relevant for T Tauri stars at low
accretion rate (Thanathibodee et al. 2019).
3. RESULTS
3.1. Comparing the Models with Observations
We compared the measured Hα line fluxes of PDS 70b
and PDS 70c with the line fluxes calculated in our grid
of models. We did not take into account any extinction
due to the disk (Wagner et al. 2018), and first considered
the measurements of Haffert et al. (2019) as the intrinsic
line fluxes for a consistent comparison between the two
planets. Figures 1 and 2 show the scattered plots and
histograms for combinations of the model parameters.
For the models with Hα flux within the measurement
uncertainties, the plots show flat distributions for Ri,
Wr, and cos(i), suggesting that the uncertainty in geo-
metric parameters have little effect on the final results.
On the other hand, M˙ has a narrow distribution, imply-
ing that it is the strongest predictor for the line flux.
Nevertheless, there is a degeneracy between Tmax and
M˙; similar line fluxes can be reproduced in high-T with
low-M˙ and low-T with high-M˙. This degeneracy has
been noted in the original paper on the magnetospheric
accretion model for T Tauri stars (Muzerolle et al. 2001).
We calculated the mass accretion rates onto PDS 70b
and c based on the models that predict Hα line fluxes
within 3σ of the observed flux. By calculating the mean
and standard deviation of the model log(M˙) we found
log(M˙) = −8.0±0.6 MJup yr−1 and log(M˙) = −8.1±0.6
MJup yr
−1 for PDS 70b and c, respectively. Although
our mass accretion rate estimates are in agreement with
those calculated by Haffert et al. (2019) within uncer-
tainties, we caution that this agreement is not because
W10-M˙ relation based on TTS (Natta et al. 2004) is
applicable to accreting protoplanets (§3.2), but because
W10 from VLT/MUSE measurements are overestimated
due to the low spectral resolution. Given the planet’s
escape velocity of ∼ 127 km s−1, the intrinsic line width
would be on the same order, and it is much narrower
than the instrumental broadened observed line width
with a spectral resolution ∼ 110 km s−1 at 6562 A˚.
As an illustration, Figure 3 shows the mean Hα line
profiles from models with line flux within 3σ of the ob-
served flux. We measured the W10 of the mean model
profile to be 100 km s−1 and 96 km s−1 for PDS 70b and
c, respectively. On the other hand, the W10 for the pro-
files taking into account the spectral resolution of MUSE
(R∼2800at 6560 A˚), are 224 km s−1 and 219 km s−1 for
the two planets. Although these values are in agree-
ment with Haffert et al. (2019) measurements, they sug-
gest that the instrumental broadening contributes sig-
nificantly to the line width.
Another discrepancy between the results of our model
and the observed Hα profiles of PDS 70b and c is that
the model does not show a line-center redshift, while
Haffert et al. (2019) reported a redshift of 25±8 km s−1
and 30± 9 km s−1 for PDS 70b and c, respectively. One
possibility is that this apparent line shift relative to the
stellar Hα line center is due to a shift of the line center
of the star itself. The redshifted absorption component
in the stellar Hα line (Haffert et al. 2019) could cause
the measured line center to be blueshifted. As a result,
the line velocity measurement of the planet using the
stellar Hα line as a reference would appear redshifted.
Higher resolution observations are required to test this
suggestion.
We also compare the mass accretion rates inferred
from the Hα line fluxes of PDS 70b from MUSE with the
Wagner et al. (2018) determination using MagAO. The
value of the Hα flux was not explicitly reported by Wag-
ner et al. (2018), so we followed the method outlined in
Close et al. (2014) using the Hα contrast and found an
Hα flux of (3.3± 1.8)× 10−15 erg s−1 cm−2 for PDS 70b.
We assume no extinction for a consistent comparison
with the results of Haffert et al. (2019). The Hα flux
value from MagAO is an order of magnitude higher than
that determined from the MUSE observations, which
could imply that accretion onto PDS 70b could be vari-
able. Using the method outlined above for models with
fluxes within 1σ of the MagAO flux, we found that the
mass accretion rate of PDS 70b at the epoch of the Ma-
gAO observation was log(M˙) = −7.8 ± 0.7 MJup yr−1.
This value of M˙ is similar to that based on the MUSE
observation (Haffert et al. 2019), mainly because the line
flux is a steep function of M˙ (c.f. Fig. 4). Although the
observed variability of the Hα line flux could be due to
variable accretion rate or extinction, detecting accretion
variability is still challenging with the current assump-
tions of the model. Detailed modeling that is more sen-
sitive to accretion variability of the planet is a subject
of a future study.
3.2. Accretion Indicators for Planetary Mass Objects
Empirical relationships between Hα line luminosity
(LHα), or W10 of the line, and M˙ have been extensively
used for T Tauri stars (Rigliaco et al. 2012; Ingleby et al.
2013; Natta et al. 2004), and they have been adopted to
estimate the M˙ of accreting planets (Wagner et al. 2018;
Haffert et al. 2019). To examine the validity of those
relationships in the planetary regime, we calculated the
mean and standard deviation of LHα and W10 for a given
value of M˙ in our model grid, shown in Figure 4. The
shaded regions correspond to 1σ and 3σ from the mean.
As expected, LHα increases as M˙ increases. The rela-
tionship between M˙ and LHα can be represented by a
power law between ∼ 10−10 to ∼ 10−7 MJup yr−1, and
the line flux seems to saturate at the high end of the
accretion rate (M˙∼ 10−6 MJup yr−1); this trend has also
been found in TTS (Ingleby et al. 2013). At the low M˙
end, the relationship became nearly flat, which could be
due to the weakness of the line at low density, essentially
rendering it undetectable against the continuum.
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Figure 1. Corner plot showing regions in parameter space that are in agreement with the observed Hα flux of PDS 70b. Blue
and orange points show the models which Hα line flux are within 1σ and 3σ of the measured line flux of the planet, respectively.
Red crosses show models outside of 3σ. The histograms show the distribution of the parameters of the models that fit the
observations, with the same color scheme as in scattered plots.
Using simple linear regression, we fitted a power
law to the LHα model results between M˙ = 10
−10 −
10−7 MJup yr−1, yielding the relationship
log(LHα) = (2.83± 0.02) log(M˙) + (15.7± 0.2), (1)
where LHα is in solar luminosities and M˙ in MJup yr
−1.
To aid the interpretation of future observations of plan-
ets with similar parameters, we also fitted the inverse
of this correlation, treating LHα as an independent vari-
able, which yields
log(M˙) = (0.280± 0.002) log(LHα)− (6.14± 0.02). (2)
This relationship is different than the inverse of Eq. 1
since the dependent variable (i.e., M˙) is not fully sam-
pled.
As a comparison, in Figure 4 we plot the relation-
ships between M˙ and LHα from Ingleby et al. (2013)
and Rigliaco et al. (2012), the latter derived from the
correlation between Lacc and LHα using the parameters
of the planets. The Ingleby et al. (2013) relationship
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Figure 2. Same as Fig. 1 but for PDS 70c.
is calculated from observations of a large number of T
Tauri stars across a wide range of ages using contempo-
raneous UV and optical spectra, providing direct mea-
surements of the accretion luminosity from the UV and
of the line luminosity from the optical. Similarly, Rigli-
aco et al. (2012) used simultaneous observations, but for
a lower mass range. As shown in Figure 4, the relation-
ship found in this study is steeper than those for T Tauri
stars with up to two orders of magnitude difference in M˙
for the parameters of the PDS 70 planets. The relation-
ships are clearly different, even considering the intrinsic
uncertainty in our modeling results, which as shown by
the blue shaded region in Figure 4, can be as high as
one order of magnitude in M˙.
The right panel of Figure 4 shows the relationship be-
tween M˙ and W10 for all models in our grid. At low
accretion rates, M˙ < 10−8 MJup yr−1, the line width is
not sensitive to M˙ even if it varies by orders of magni-
tude. In contrast, W10 increases steeply with M˙ for M˙
& 10−8 MJup yr−1 with a scatter significantly increased.
This happens because even though the mass accretion
rates are comparable only to those of the lowest accre-
tors among the TTS, with smaller spatial scales the
density in the accretion flow becomes high enough for
the line wings to become optically thick and pressure
broadening to become effective (Muzerolle et al. 2001).
The steep rise also reflects the high temperature in the
model; Tmax is found to be ∼ 7000 − 8000 K for TTS
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Figure 3. Hα line profiles of models that predicted line flux
within 3σ of the observed flux. The solid lines are the mean
intrinsic line profiles from the models; shaded areas show
standard deviations of the profiles. The dashed lines are the
mean model line profiles convolved with a Gaussian instru-
mental profile to R = 2800, comparable to the resolution of
MUSE at Hα wavelength.
magnetospheres in this range of M˙ (Muzerolle et al.
2001), whereas our models have higher values of Tmax,
which are applicable at low M˙ (Thanathibodee et al.
2019). The large scatter of W10 at high M˙ is due to the
treatment of the continuum optical depth in the model.
For the high-density cases, the continuum opacity of the
magnetosphere can become so high that the continuum
arises in the flow, and the photosphere of the planet is
hidden. In this case, the Hα line emerging from the flow
becomes very weak compared to the new continuum,
and in some cases, the line appears in absorption. As a
result, the measurements of W10 in this regime become
meaningless since the continuum is now uncertain.
Plotted in purple line in the right panel of Figure 4
is the empirical relationship between W10 and M˙ for T
Tauri stars from Natta et al. (2004). Again, the rela-
tionship for T Tauri stars is different from our model
results for planets. One possibility for this discrepancy
is that the Natta et al. (2004) relationship is based on
measurements of TTS covering a broad range of masses
and radii, while our relationship is only applicable for a
specific mass and radius. It is conceivable that one could
fine-tune the model such that it reproduces the relation-
ship, at least in the high M˙ regime that is well-calibrated
in TTS. Such a study is beyond the scope of this paper,
and the results would not be meaningful without cali-
brations with more planetary-mass accretors at their ap-
plicable accretion rates. At the moment, such a study is
still challenging with the low-resolution of the existing
planet spectrum. For example, the figure also shows the
W10 of a purely Gaussian instrumental profile for dif-
ferent spectral resolutions. In order to extract geomet-
ric information from the line, sufficiently high signal-to-
noise at the line wing is required. High-resolution spec-
tra, comparable to the line width, will help to accurately
measure W10 by suppressing the background noise from
the star. With more detected planetary spectra, the re-
lationship between M˙ and W10 in the planetary mass
regime can be revisited in the future.
4. DISCUSSION AND CONCLUSION
Following the detection of two accreting planets
around the K7 star PDS 70, based in part on the mea-
surement of Hα line emission from the planets (Wagner
et al. 2018; Haffert et al. 2019), we applied the magne-
tospheric accretion model (Muzerolle et al. 2001) to the
material accreting onto the planet to test if the model
could explain the observed line flux with a reasonable
range of parameters. Our study is the first to apply the
full treatment of Hα line radiative transfer in a mag-
netospheric geometry for planetary-mass objects. The
model can reproduce the observed fluxes, indicating that
a magnetospheric model comparable to that of TTS can
still be applicable in the planetary mass regime, as sug-
gested by Batygin (2018). Our results also suggested
that accretion can be the main source of Hα line emis-
sion from planets in circumstellar disks, and confirmed
the use of Hα as a viable method to detect young plan-
ets.
Measuring the mass accretion rate of a planet from
the flux of the Hα emission line is still challenging due
to practical considerations, such as the low resolution of
the IFU spectrographs used to detect the line, as well as
the uncertainty in the line luminosity due to background
subtraction and extinction (Wagner et al. 2018; Haffert
et al. 2019). An additional challenge comes from the un-
certain calibration between the Hα luminosity and the
accretion rate in this very low-mass regime. Our results
provide, for the first time, a correlation between the
Hα line luminosity and M˙ based on a physical model.
In addition, we show that this correlation is different
from the relationships applicable to T Tauri stars. How-
ever, we note the limitations of using our result since
it requires knowledge of the planetary parameters, i.e.,
mass, radius, and effective temperature, from indepen-
dent measurements. Large uncertainties in these values
can change the final measured accretion rate in an un-
certain way since the line emission properties depend on
the dynamic of the gas in the accretion flow, which in
turn depends on the mass of the object and the physical
size of accretion flow; these also determine the optical
depth of the line. Our provided relationship between
LHα and M˙ is therefore only applicable for planets with
mass and radius comparable to those of PDS 70b and
8 Thanathibodee et al.
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Figure 4. Left: Predicted Hα luminosity as a function of mass accretion rate for planets with parameters similar to those of
PDS 70b and c. The green and pink shaded regions show 1σ and 3σ, respectively, around the mean value (blue line) for a given
M˙. The line luminosity saturates once the accretion rate reaches the low end of mass accretion rate in pre-main sequence stars
(T Tauri stars, TTS), M˙∼ 10−10 M yr−1 ∼ 10−7 MJup yr−1. The dashed purple line and the dash-dotted dark-blue line are
extrapolation of empirical relationships between M˙ and LHα for TTS. The relationships underestimate the M˙ of the planets by
∼2 orders of magnitude. The solid black line is the power law fit to the relationship for log(M˙) between -10 and -7; the dotted
line is the extrapolation of the relationship outside the fitted range. Shaded horizontal lines show the line measurements of PDS
70 planets. Right: The W10 of the model Hα line as a function of log(M˙). The purple lines are the relationship for T Tauri
stars from Natta et al. (2004), with extrapolation to W10< 200 km s
−1 in dotted line. The line width is a very weak function
of M˙. Horizontal dotted lines show W10 of Gaussian instrumental profiles for several spectral resolutions. The shaded crimson
dashed line and dash-dotted gray line show the measured W10 of PDS 70b and PDS 70c, respectively.
c. Similar limitations apply to the calibrations of M˙
with W10 since the line width is more sensitive to the
planet parameters. The applicability of the magneto-
spheric accretion model in different ranges of planetary
parameters will be the subject of future studies.
As in TTS, the highest uncertainty in measuring the
mass accretion rate arises from the unknown tempera-
ture in the flow (Muzerolle et al. 2001). Magnetohydro-
dynamic simulations with a full treatment of magnetic
and other heating sources in the flow are still needed to
shed light onto the temperature problem. Observations
of other hydrogen line transitions and other line species
may also help to constrain the temperature empirically.
From an observational standpoint, modeling the
velocity-resolved non-Gaussian Hα line profiles using the
magnetospheric model (Muzerolle et al. 2001; Thanathi-
bodee et al. 2019) will provide much more accurate mea-
surements of the mass accretion rates, since both the
line flux and the line width can be simultaneously con-
strained. Such observations are still unavailable due to
limitations of the current technology. High-resolution
IFU spectrograph on a large telescope, such as HAR-
MONI on the ELT will provide data necessary for such
modeling study.
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